Monocytes are actively recruited from the circulation into developing atherosclerotic plaques. In the plaque, monocytes differentiate into macrophages and eventually form foam cells. Continued accumulation of foam cells can lead to plaque rupture and subsequent myocardial infarction. X-ray computed tomography (CT) is the best modality to image the coronary arteries non-invasively, therefore we have sought to track the accumulation of monocytes into atherosclerotic plaques using CT. Gold nanoparticles were synthesized and stabilized with a variety of ligands. Select formulations were incubated with an immortalized monocyte cell line in vitro and evaluated for cytotoxicity, effects on cytokine release, and cell uptake. These data identified a lead formulation, 11-MUDA capped gold nanoparticles, to test for labeling primary monocytes. The formulation did not the affect the viability or cytokine release of primary monocytes and was highly taken up by these cells. Gold labeled primary monocytes were injected into apolipoprotein E deficient mice kept on Western diet for 10 weeks. Imaging was done with a microCT scanner. A significant increase in attenuation was measured in the aorta of mice receiving the gold labeled cells as compared to control animals. Following the experiment, the biodistribution of gold was evaluated in major organs. Additionally, plaques were sectioned and examined with electron microscopy. The results showed that gold nanoparticles were present inside monocytes located within plaques. This study demonstrates the feasibility of using gold nanoparticles as effective cell labeling contrast agents for non-invasive imaging of monocyte accumulation within plaques with CT.
Introduction
Cardiovascular disease is the leading cause of death in the United States, accounting for 1 in every 3 deaths [1] . The majority of these deaths arise from the development of atherosclerosis in the coronary arteries, where rupture of vulnerable plaques can potentially lead to thrombus formation and myocardial infarction. Over the last decade, the role of inflammation in atherosclerosis has become a prominent point of study in progression of the disease [2] .
After the initial development of inflammation in the arterial wall, monocytes are actively recruited from the circulation into the arterial wall. In the intima, monocytes differentiate into macrophages and eventually foam cells after engulfing low density lipoproteins (LDL) [3] . These foam cells release cytokines and enzymes that lead to growth and destabilization of the plaque over time [4] . Continued recruitment of monocytes and subsequent accumulation of foam cells increase the likelihood of plaque rupture and clinical manifestations of atherosclerosis. Monocyte recruitment is a possible drug target for atherosclerosis regulation [5] . Studies have found that targeting the chemokine receptors on monocytes reduces overall plaque progression [6e8] . The accumulation of monocytes has been found to correlate to the progression and severity of atherosclerosis [9] . These studies typically involve destructive processes to analyze the monocyte population in plaques preventing the study of multiple time points in the same animal. With non-invasive detection, monocyte accumulation can be rapidly assessed, informing the direction of the study before its end. This information can be revealing in clinical trials, where imaging may demonstrate the effectiveness or lack of effectiveness of drug therapies without invasive measures or waiting for patient mortality outcomes [10] .
CT is one of the best and most frequently used modalities to image the coronary arteries non-invasively in patients [11] . Modern CT scanners allow for fast, high resolution image acquisition, reducing common cardiac and respiratory motion artifacts when imaging the coronary arteries [12] . With increasing interest in cell imaging, the use of X-ray CT is an emerging modality in cell tracking applications. Astolfo et al. and Menk et al. performed detailed analysis of gold nanoparticle uptake in cells, as well in vivo detection and proliferation of gold labeled tumor cells in rat brain tumor models [13, 14] . Moreover, recent studies utilizing synchrotron radiation sources for x-rays, have been able image gold nanoparticle labeled cells with single cell resolution in ex vivo and in vitro samples [15, 16] . Of the few studies regarding monocyte tracking, SPECT and MRI modalities were used [17, 18] . SPECT and MRI face challenges due to chest and heart motion when imaging the coronary arteries [19] . Therefore, we sought to develop a technique to monitor the monocyte accumulation in atherosclerotic plaques non-invasively through computed tomography.
Gold nanoparticles (AuNP) have been explored for biomedical applications due to the synthetic control over size, shape and coating, their high biocompatibility and their unique physical properties [20] . This allows the development of AuNP that have specific properties tailored for given biomedical applications. For instance, the addition of poly(ethylene glycol) (PEG) coatings to particles can be used to increase in vivo circulation time by avoiding uptake by cells of the reticuloendothelial system [21] . AuNP are popular as experimental CT contrast agents, as they attenuate X-rays strongly, as well as the afore-mentioned characteristics of biocompatibility and control over size and surface functionality [22e24] . AuNP have been shown to be effective as both blood pool and targeted contrast agents for CT [25e28] .
In this study, we demonstrate the use of AuNP to label monocytes and track their migration into atherosclerotic plaques noninvasively using CT. We synthesized AuNP 15 nm in diameter and performed ligand exchange with a variety of ligands to create a library of AuNP. These particles were characterized with dynamic light scattering (DLS), zeta potential, and transmission electron microscopy (TEM). After characterization, AuNP were evaluated in vitro for the effects on cytotoxicity, cytokine production, and cell uptake with monocytes. A lead formulation was then evaluated in vitro with primary monocytes isolated from spleens. Lastly, atherosclerotic mice were injected with AuNP labeled monocytes and scanned with CT before injection and days 3, 4, and 5 post injection. The CT scans were analyzed for intensity. Aortic plaques were excised and examined with TEM for the presence of gold labeled monocytes.
Results

Gold nanoparticle synthesis and characterization
The Turkevich method of synthesizing gold nanoparticles was used to produce citrate coated gold nanospheres (Fig. 1A) [29] . For additional stability in biological media, a library of thiol-ligands was used to displace the citrate ligands of the AuNP (Supporting Fig. 1 ). Stability for each AuNP formulation was evaluated with Dulbecco's Phosphate Buffered Saline (DPBS). When suspended in a salt based solution, stable gold nanoparticles of this size appear as a deep red solution while non-stable gold particles aggregate causing the solution to change to a blue-black color. We identified the following 5 stable coatings which we tested further: 11-mercaptoundecanoic acid (11-MUDA), 16-mecaptohexadecanoic acid (16-MHDA), poly(ethyleneimine) (PEI), 4-mercapto-1-butanol (4-MB), and 11-mercaptoundecyl-tetra(ethylene gycol) (MTEG). These ligands give the nanoparticles several different surface functionalities, which could influence cellular interactions including cell uptake and cytotoxicity.
TEM was used to observe the particle size and shape (Fig. 1C) . TEM revealed monodispersed spheres of 14.6 ± 1.5 nm in average diameter. DLS and zeta potential were performed to characterize hydrodynamic diameters and surface charges ( Table 1 ). The hydrodynamic diameter of the particles seemed to relate to the size of the ligand used to stabilize the particle, i.e the shortest ligand 4-MB displayed the smallest hydrodynamic diameter, although it seems likely that for the PEI and MTEG coated AuNP that there is some degree of aggregation of cores. The zeta potential results showed that carboxylic acid ligands (11-MUDA, 16-MHDA) and alcohol ligands (4-MB) had negative surface potentials, as expected. Additionally, AuNP coated with PEI, which has many amine groups, had a positive surface potential. AuNP that were coated with MTEG, which has a methoxy group at the distal end, had a nearly neutral charge.
In vitro evaluation of selected AuNP formulations
Following selection of AuNP formulations, we examined the interaction of these particles with a monocyte cell line, RAW 264.7. The viability of the cells after the treatment with AuNP formulations was examined using the LIVE/DEAD assay. Each formulation was assessed at several concentrations (0.025, 0.05, 0.1, 0.5, and 1.0 mg/ml of Au) for 24 h. The ratio of living cells to total cells was determined via automatic counting by a custom MATLAB program. The results shown in Fig. 2A demonstrate high biocompatibility for each formulation at the concentrations examined except for PEI. Due to being a polycation, PEI has been widely used as a transfection agent in gene therapy applications, but it is known that PEI can cause toxicity [30] . We next assessed if the uptake of AuNP would affect monocyte function in an inflammatory role. Circulating monocytes produce pro-inflammatory cytokines such as TNF-a, and IL-6 after activation [31] . We therefore evaluated the cytokine release of TNF-a and IL-6 from monocytes after 0.5 mg/ml treatment of each AuNP formulation and activation with lipopolysaccharides (LPS). The AuNP formulations did not appear to disrupt cytokine release for 11-MUDA, 16-MHDA, and MTEG. However, the 4-MB formulation was found to decrease the cytokine release of TNF-a, but not IL-6. PEI coated AuNP, on the other hand, were found to decrease the release of IL-6, but not TNF-a.
Previous studies have demonstrated that size, shape, and surface functionality of the AuNP can significantly affect the amount of uptake into the cells [32, 33] . While each of our formulations are spherical in shape, the different surface ligands resulted in altered hydrodynamic sizes and surface properties of the particle. After treating with AuNP, monocytes were found to take up the AuNP into vesicles, likely to be lysosomes. Fig. 3A shows TEM images of sections of monocytes that had been incubated with 11-MUDA. The uptake of these gold particles may be via phagocytosis as found in other gold cell labeling studies [34] .
We studied the amount of AuNP uptake by monocytes for each formulation by examining CT contrast generation. Each formulation was incubated at three concentrations (0.1, 0.25, 0.5 mg/ml) for 24 h. After treatment, cells were collected and scanned using a clinical CT scanner. The scans show an observable increase in CT attenuation dependent on the treatment concentration for our formulations (Fig. 3B) . The attenuation was quantified by measuring the intensity of the pellets. The attenuation of 11-MUDA, 16-MHDA, and 4-MB increased proportionally with treatment concentration of AuNP. It is important to note that the images seen in Fig. 3B are not saturated, but some pixels are very bright due to the CT windowing scale used. All attenuation values in these experiments were well below the maximum CT attenuation values handled by this clinical system (3000 HU) [22] . The attenuation for the PEI formulation was not dependent on the concentration of gold, likely due to the toxicity seen in Fig. 2A . Interestingly, 11-MUDA displayed significantly higher attenuation than 16-MHDA despite both ligands having carboxylic acid functional groups. The size difference in hydrodynamic diameter (Table 1 ) may account for the difference in gold uptake between the formulations. The MTEG formulation was found to have the lowest uptake, which was not surprising since ethylene glycol based ligands are known to reduce nanoparticle uptake by the mononuclear phagocytosis system [35] . The results show that formulations of 11-MUDA and 4-MB displayed the highest CT attenuation and therefore AuNP uptake (Fig. 3C) . From the DLS and zeta potential results, both formulations 4-MB and 11-MUDA have relatively low hydrodynamic diameters and strong negative surface charge suggesting that these particle properties may encourage high AuNP uptake [36] . Taking together all the results from these in vitro experiments, we chose to move forward with 11-MUDA as our lead formulation as it displayed low cytotoxicity, no disruption of cytokine release, and high uptake in monocytes. 
In vitro evaluation of 11-MUDA coated AuNP with primary monocytes
We first isolated primary monocytes from donor C57BL/6 mice. Others have shown the spleen to be a large reservoir of monocytes that are nearly identical in subtype and behavior to circulating blood monocytes [37] . Purified monocytes isolated from the spleen of donor mice were examined with flow cytometry. Cells were incubated with cocktail of antibodies consisting of CD11b-PE Cy7, Ter119-PE, CD3-APCeF780, and CD19-PerCP Cy5.5. The enriched monocyte population contained 99.3% of CD11bþ (monocyte marker), CD19-(B-cell marker), CD3-(T-cell marker) cells in the suspension (Supporting Fig. 2) .
We examined these primary monocytes in a method similar to the immortalized monocyte cell line. The primary monocytes were treated with 11-MUDA AuNP and evaluated for cytotoxicity and cytokine release of TNF-a. Additionally, the uptake of AuNP was directly quantified using ICP-OES and compared to the uptake of the immortalized cell line. The results show that 11-MUDA AuNP treatments up to 1.0 mg/ml did not decrease cell viability of cultured primary monocytes (Fig. 4A) . In much the same way, the uptake of 11-MUDA AuNP did not significantly alter the release of TNF-a after activation with LPS as seen in Fig. 4B . The TNF-a release for monocytes without LPS activation was found to be at similar low levels for non-treated and 11-MUDA treated cells (Supporting Fig. 3 ). These results confirm that the primary monocytes were not activated during the isolation, culturing, and gold labeling procedures. Comparable results were found with the monocyte cell line, RAW 264.7. The quantified cell uptake of AuNP was comparable between the primary monocytes and the cell line. The uptake of AuNP in primary monocytes after 24 h of 0.5 mg/ml 11-MUDA AuNP incubation was found to be 127 pg/cell (Fig. 4C ). These data demonstrated that the uptake of 11-MUDA AuNP did not impact the behavior of the primary monocytes during the ex-vivo labeling process.
In vivo detection of gold labeled monocytes
Having established a method for labeling monocytes with AuNP without affecting cell viability or cytokine production, we proceeded to track the recruitment of these labeled monocytes in a mouse model of atherosclerosis via CT imaging. ApoE deficient mice were kept on a Western diet for 10 weeks to promote the development of aortic plaques. To track the recruitment of monocytes, primary monocytes were cultured and labeled ex-vivo with 11-MUDA AuNP a day before intravenous injection of these cells. The timeline of the experiment is shown in Fig. 5 . The mice were scanned with CT (Imtek, Inc, 80 kVp, 500 mA) before I.V. injection and on days 3, 4, and 5 post-injection. The groups consisted of atherosclerotic mice receiving gold labeled monocytes (AtT), atherosclerotic mice receiving non-labeled monocytes (AtN) and wild-type mice receiving gold labeled monocytes (WdT). Fig. 6AB shows images of an atherosclerotic mouse that received AuNP labeled monocytes for day 0 and day 5 scans; attenuation was seen to increase in the aorta over time as compared to the day 0 scan. The AtT group (atherosclerotic mice receiving AuNP labeled monocytes) showed a continual increase in attenuation over time resulting in a final 15.3 HU difference on day 5 as compared to the pre-injection scan (Fig. 6C) . The increase for the AtN group (atherosclerotic mice receiving non-labeled monocytes) animals was much less. The WdT group (wild type mice receiving gold AuNP monocytes) attenuation values varied across acquisitions with no significant increase. Due to the heterogeneity of developing atherosclerosis, a linear mixed effects statistical model was used to account for disease variation among animals over time. Accounting for the attenuation values obtained each day (day 0 through 5) and random effects, we found a statistically significant increase in attenuation for the AtT group (p ¼ 0.002) of 15.3 HU. In comparison, the WdT (p ¼ 0.305) and the AtN (p ¼ 0.251) models showed no significant change in attenuation over time. This increase in attenuation in our AtT animals suggests that the recruitment of AuNP labeled monocytes can be detected by CT imaging. While the change in attenuation in the AtN group was not statistically significant, there may be small increases in the attenuation of the plaque during the 5 days of the experiment due to disease progression.
For an estimation of the number of gold labeled cells in the plaque, a standard curve of attenuation versus gold labeled cells per unit volume was generated. Primary monocytes were treated with 0.5 mg/ml of 11-MUDA AuNP for 24 h and resuspended in an agarose gel at increasing concentrations. The cell concentrations were scanned with microCT scanner (Imtek Inc., 80 kVp, 500 mA) and quantified (Supporting Fig. 4 ). Using this standard curve, the change in attenuation of 15.3 HU in the AtT treated group correlated to approximately 15 gold labeled cells/voxel in the plaque. The true number of gold labeled cells in the plaque would vary depending on plaque size, but we believe this to be a reasonable estimation.
Biodistribution of AuNP
At the end of the experiment, animals were sacrificed and organs excised for biodistribution. The gold content in the tissue was Fig. 4 . Mouse monocytes from the spleen were cultured and evaluated in vitro for (A) viability using LIVE/DEAD assay, (B) TNF-a release using ELISA, and (C) AuNP cell uptake using ICP-OES for primary monocytes compared to the cell line. analyzed using ICP-OES to measure the distribution after 5 days post injection. Fig. 7 shows high gold uptake in the spleen and liver, which are organs that typically host large numbers of monocytes and monocyte derived cells. Swirski et al., showed similarly high uptake of labeled monocytes in the spleen 5 days after intravenous injection [9] .
Ex-vivo analysis of atherosclerotic plaques
The aortas of AtT mice (received AuNP labeled monocytes) were sectioned through the atherosclerotic plaque and examined with TEM. AuNP were found in monocytes that were located in the atherosclerotic plaque (Fig. 8) . This indicates that the attenuation increase seen in the in vivo CT scans is due to recruitment of the AuNP labeled monocytes into the plaques.
Discussion
In this study, we demonstrate the successful labeling of monocytes with AuNP of varying formulations. Each ligand conferred a distinct combination of particle parameters including hydrodynamic diameter, surface potential and chemical functionality ( Table 1) . Formulations of 4-MB and 11-MUDA, which have similar diameters and negative surface potential, were found to have low cytotoxicity and the highest monocyte uptake [36] . Previous reports have shown that anionic AuNP exhibit less toxicity as compared to cationic nanoparticles [38] . The authors suggest that positively charged particles may directly diffuse through the plasma membrane, disrupting the lipid bilayer causing cytotoxicity. Additionally, our incubation of monocytes with AuNP occurs in media with serum. Studies have shown that the makeup of the protein corona surrounding the particle could be responsible for differences in cellular uptake [39, 40] . It is likely that 4-MB and 11-MUDA AuNP formulations form a protein corona preferential for cell uptake as compared to other our examined ligands. We found uptake of 127 pg Au/cell in our in vitro incubations performed with 0.5 mg Au/ml in the cell culture media. This is comparable to previous work since Menk et al. reported uptake of 33e36 pg Au/cell for incubations performed with 0.052 mg Au/ml, a ten-fold lower concentration than in our experiments, over a similar timeframe [14] . Furthermore, others have loaded cells with iron oxide nanoparticles up to a weight of 39 pg Fe/cell. Adjusting for the differing densities of gold and iron oxide, this would be equivalent to 209.9 pg Au/cell [41, 42] .
We found that the migration of these labeled monocytes to atherosclerotic plaques could be observed and measured with CT. We believe this is the first study to non-invasively track monocyte recruitment into atherosclerotic plaques using computed tomography. For plaque imaging, a number of targets have been previously studied with MRI, PET, SPECT, and NIRF. Researchers have successfully imaged cell-adhesion molecules, lipoproteins, ECM, proteases, and angiogenesis in plaques [43] . Studies looking to image inflammatory cells primarily focus on macrophage presence in the plaque [44e46]. Due to the insensitivity of contrast agents in CT, few imaging studies of plaque use x-ray computed tomography as the sole means of imaging. Researchers have previously demonstrated the in vivo detection of macrophages in atherosclerotic plaques with CT by using an iodinated agent [47] , PEGylated nanoparticles [48] and gold core lipoproteins [27, 28] . High macrophage content in atherosclerotic plaques is a potential indicator of imminent risk of plaque rupture [49] . In the present study, we sought to track the process of monocyte recruitment, which has been found to be informative of disease progression. A study by Robbins et al. found that monocyte recruitment is a significant source of the macrophage population in early plaques while the macrophage population in established plaques are due to in-situ proliferation [50] . Therefore, the detection of monocyte recruitment into the plaque could be an early marker for patients at risk of development of cardiovascular disease.
Our study presented here looks at the important process of monocyte recruitment in early stage atherosclerosis utilizing CT. This technique can improve the study of monocyte recruitment and help elucidate monocyte role in atherosclerosis progression and/or regression. Additionally, this technique may help assess new atherosclerotic interventions that target monocytes and plaque inflammation. However, CT sensitivity to contrast agents has been a significant obstacle in the further development of this method. The present study demonstrated increased intensity in the aorta (D 15.3 HU) as compared to pre-scan values. This attenuation change is on par with similar studies in the field. For instance, Hyafil et al. reported a change of 13.3 HU in the atherosclerotic plaques of rabbits intravenously injected with iodinated nanoparticles designed to target macrophages [47] . Similarly, Eck et al., injected anti-CD4 gold nanoparticles intravenously to target lymph in-vivo and found an attenuation change of 20 HU at 1 h and 25 HU at 48 h for 28 nm gold nanoparticles [51] . However, for our study, an increase in sensitivity and overall attenuation change would be required to discern small reductions of monocyte uptake (e.g. <30%). A recent study by Betzer et al., presented the use of a "CT ruler" to approximate the number of gold labeled cells in a tissue noninvasively [52] . However, the high attenuation required for this method was achieved by directly injecting the gold labeled cells at the site of interest. In our study, increasing the signal from our cells may be achieved by further optimizing the method. By increasing the number of injected gold label monocytes, we hypothesize a higher intensity in our scans is possible; however in this approach, injecting more monocytes than are physiologically present in the circulation may significantly alter the response of the animal to these cells. Instead, increasing the amount of gold per cell may be the ideal strategy to increase CT contrast in the images without increasing the number of injected cells. We are actively exploring larger gold nanoparticle sizes and additional ligands that may provide higher uptake in monocytes. Studies have suggested that 50 nm gold nanoparticles may be the optimal uptake size for HeLa cells, so we are currently investigating this whether this is true in monocytes [53, 54] . Additionally, translation of nanoparticle-facilitated cell tracking to clinical scanners would be beneficial, due to the lower image noise in clinical scanners as compared with preclinical scanners [55] . Lower image noise improves signal-tonoise ratios and hence improves sensitivity.
An alternative solution to achieve higher intensities may be to purify the monocyte subtype further. In the current study, monocytes are isolated by the expression of CD11b marker, a conserved monocytes marker across many subtypes [56] . In mice, the "inflammatory" Ly6C
Hi monocyte subtype has been described as the dominant subtype for migration in early atherosclerotic plaques as compared to the "resident" monocyte, Ly6C Lo [57, 58] . Hence, we may improve the overall recruitment of our gold labeled monocytes by further purifying our isolated monocytes for CD11bþ, Ly6C
Hi subtype in future studies. In this cell tracking study, isolated monocytes are labeled exvivo before injection as opposed to labeling in-situ. The emergence of adoptive cell therapies as successful clinical therapies reinforces the need for methods of cell tracking ex-vivo cultured cells [59] . Cell tracking using ex-vivo labeled cells with CT has been demonstrated with a number of applications including T-cell labeling for cancer, C6 glioma cells for brain tumor models, olfactory ensheathing cells for spinal compression injury models and pancreatic islets labeling for diabetes [14,60e64] . In-situ labeling, where nanoparticles are injected into animals and cells take up the nanoparticles in vivo, is more straightforward and simpler to implement clinically [65, 66] . However, in-situ labeling may result in labeling a variety of cells, such as macrophages and monocytes resident within the plaque, as well as circulating monocytes, confounding results from imaging. In the future, we will explore ways to adapt our current approach for in-situ labeling and compare the results.
Conclusion
In this study, we screened AuNP formulations for effective uptake in monocytes without disruption of viability or inflammatory function. We identified a lead formulation with these characteristics, which was confirmed with primary monocytes. These labeled monocytes were intravenously injected and monitored for recruitment into atherosclerotic plaques using X-ray computed tomography. We found an increase in the attenuation in the aorta, post injection of these labeled cells. We confirmed the presence of these labeled monocytes in the plaque through the use of TEM. This study demonstrates the feasibility of tracking labeled monocytes with CT. Further studies are required to optimize the detection of these cells for quantification of monocyte accumulation in the plaque. Increased sensitivity will allow for examination of monocyte recruitment in the presence of emerging atherosclerosis therapies.
Materials and methods
Materials
All chemicals were of analytical grade and were purchased from Sigma Aldrich (St. Louis, MO). A monocyte cell line, RAW 264.7, was purchased from ATCC (Manassas, VA). Dubecco's Modified Eagle Medium (DMEM) and RPMI-1640 supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (10000 units/Ml, 10000 mg/mL) were purchased from Cellgro, Corning (Manassas, VA). LIVE/DEAD assay and ELISA kits were purchased from Life Technologies Invitrogen (Grand Island, NY). All mice were acquired from Jackson Laboratory, Bar Harbor, ME.
Gold synthesis
Citrate capped gold nanoparticles were synthesized using the Turkevich method [29] . Briefly, 85 mg of gold(III) chloride hydrate was dissolved in 250 mL of ultrapure water (Milli-Q, EMD Millipore, Billerica MA). The gold solution was heated to a boil. 25 mL of a 38.8 mM sodium citrate solution was then added, producing citrate coated gold nanoparticles. The solution was refluxed for 15 min and allowed to cool to room temperature. For ligand exchange, capping ligands were added to the solution for a final concentration of 0.047 mM in the gold solution. For instance, 2.6 mg of 11-mercaptoundecanoic acid (MW 218.36) was dissolved in 1 ml of ethanol and added into the gold solution to stir overnight. The full library of ligands examined can be found in Supporting Information Fig. 1 . After exchange, the particles were spun at 8.5 krcf for 3 h to pellet the particles. The pellets were collected into 1.5 ml microcentrifuge tubes and washed twice with ultrapure water by centrifuging at 8.5 krcf for 45 min. The AuNP were then filtered through a 0.45 mm syringe filter (EMD Millipore, Billerica MA) in a biosafety cabinet for sterilization.
Particle characterization
For electron microscopy, AuNP samples were drop casted onto Formvar carbon copper grids with 200 mesh (Electron Microscopy Sciences, Hatfield, PA). Samples were exposed to air for 30 min and excess solution was blotted away with filter paper. The grids were viewed with an FEI Tecnai T12 electron microscope at 120 kV. Dynamic light scattering and zeta potential analysis was performed with a Nano ZS-90 Zetasizer. Stability was tested by diluting 10 mL sample of AuNP into 1 mL of DPBS and 1 mL of cell media. 
In vitro viability assessment
In vitro cytokine expression
Monocyte cytokine expression of TNF-a and IL-6 was evaluated using an ELISA kit from Life Technologies, (Frederick, MD). First, monocytes were cultured in 96 well plates at 1.0 Â 10 5 cells per well for 24 h. Immortalized monocytes were then treated with 0.5 mg/ml of various AuNP formulations for 24 h (note: all nanoparticle concentrations are given as mg/ml of gold). Primary monocytes were treated with concentrations of 0.1, 0.25, and 0.5 mg/ml of 11-MUDA AuNP. The cells were then washed twice with DPBS to remove remaining free AuNP. Afterwards cell media in each well was replaced with 100 mL of cell media containing 100 ng/ mL of lipopolysaccharides (LPS) for 3 h or replaced with new media for non-activated samples. The media was then collected for use in the ELISA, which was performed according to kit instructions.
Cell uptake evaluation
The uptake of AuNP was measured using both a direct method (analytical determination of gold content) and an indirect method (CT imaging of cell pellets). For both methods, cells were cultured onto 6-well plates at 2.0 Â 10 6 cells per well for 24 h. The cells were treated with varying concentrations of AuNP formulations for 24 h. The cells were then washed twice with DPBS and collected. For direct measurements, the cells were dissolved in aqua regia (3 parts hydrochloric acid, 1 part nitric acid) for 15 min. The gold content of these samples were measured using inductively coupled plasmaoptical emission spectroscopy (ICP-OES) on a Spectro Genesis ICP (SPECTRO Analytical Instruments GmbH, Boschstr, Germany). Gold content was normalized by the number of cells in each sample to express the value as gold per cell. For CT measurements, after AuNP treatment, the cells were collected and fixed in 4% paraformaldehyde. The cells were allowed to loosely settle and then scanned using a clinical CT scanner (Siemens Definition DS 64-slice) at 100 kVp, 440 mA, 512 Â 512 matrix, 37 Â 37 cm FoV, a slice thickness of 0.6 cm and reconstructed using kernel B30f. Intensities in the scan were measured in 3 sequential sections using ROI measurements and averaged for an intensity measurement using OsiriX v.3.7.1 64-bit software.
Primary monocyte cell dispersion scans
Primary monocytes were cultured for 24 h after isolation and then subsequently treated with 0.5 mg/ml of 11-MUDA AuNP. After 24 h, the cells were washed x2 with DPBS and resuspended into increasing concentrations of 0, 100 k, 250 k, 500 k, 1.0 M, 2.5 M, and 5.0 M cells/ml in 100 ml of DPBS and then 100 ml of 1% agarose. The agarose was heated prior to addition and then cooled on ice for 15 min. The suspensions were then scanned with microCT scanner (Imtek Inc, 80 kVP, 500 mA). The scans were quantified using OsiriX v3.7.1 with 64-bit software.
Transmission electron microscopy of tissue
RAW 264.7 cells and aorta samples from treated ApoEÀ/À mice were prepared for TEM imaging using standard preparation techniques [67] . Cells and tissue were fixed in 2% PFA and 2.5% glutaraldehyde before staining and embedding. Samples were cut into 60 nm thick sections and mounted onto grids before viewing with a JEOL 1010 Electron Microscope at 80 kV.
Primary monocyte isolation
Spleens from C57BL/6 donor mice were used as the source for primary monocytes. Mice were anesthetized with isoflurane and then euthanized. The chest cavity was opened and mice were perfused through the left ventricle with 10 mL of DPBS before removal of the spleen. After excision, the spleen was mechanically homogenized using the plunger of a 1 mL syringe in 1 mL of Hank's balanced salt solution (HBSS). The resulting cell slurry was filtered through a 70 mm filter and spun at 250 rcf for 5 min to pellet the cells. The pellet was then re-suspended in 250 mL of RBC lysis buffer for 1 min on ice. Afterwards, HBSS supplemented with 0.6% bovine serum albumin (BSA) and 0.3 mM EDTA was added to the cells for a total volume of 10 mL. The cell solution was centrifuged at 250 rcf for 5 min and re-suspended with HBSS þ BSA. This step was repeated twice. The cell suspension was then incubated with antiCD11b magnetic microbeads (Mitlenyi Biotech, 140-049-601) for 30 min at 4 C. After incubation, the suspension was washed with eluting buffer (DPBS, 0.5% BSA, 2 mM EDTA). The cell suspension was then passed through a LS separation column (Miltenyi Biotech, 130-042-401) in the presence of a strong magnet to retain only CD11b þ cells in the column. Afterwards, the column is removed from the magnet and 5 mL of eluting buffer is used to remove the cells from the column. The cells were eluted through two sequential LS columns for increased purity. The resulting solution was spun at 250 rcf for 5 min and re-suspended with RPMI medium 1640 supplemented with 10% FBS and 1% penicillin/streptomycin for cell culture.
Flow cytometry
The purity of the resulting cell suspension was analyzed using flow cytometry. Cells were incubated with Fc blocking agent for 15 min. After blocking, cells were incubated with markers for CD11b-PE Cy7, Ter119-PE, CD3-APCeF780, CD19-PerCP Cy5.5 for 30 min on ice. Flow cytometry were performed on a BD FACSCanto System (BD Sciences, San Jose, CA). Fluorescence minus one solutions and compensation beads for each fluorophore were used for controls.
Animals
Six week old male apolipoprotein E (ApoE) deficient mice (B6.129P2-ApoE tm1UnC/J ) were fed western chow diet (Research Diets Inc, New Brunswick, NJ) for 10 weeks to establish early atherosclerosis before use. Age-matched male C57BL/6 were kept on regular chow diet for the duration of the experiment as controls. All experimental protocols were approved by University Laboratory Animal Resources in conjunction with the Institutional Animal Care and Use Committee at University of Pennsylvania.
In vivo monocyte imaging
The treated group (AtT, n ¼ 8) received AuNP labeled monocytes following the procedure below. Briefly, primary monocytes isolated through magnetic sorting as described above were cultured for 24 h before gold labeling. The cells were then treated with 0.5 mg/ml of 11-MUDA AuNP for an additional 24 h. The cells were washed twice with DPBS and collected. After resuspension in 250 ml of DPBS, 1.0 Â 10 6 cells were injected intravenously into the ApoE deficient mouse model. The animals were scanned with a microCT II scanner (Imtek Inc, 80 kVp, 500 mA, 512 Â 512 matrix, 100 mm slice thickness) pre-injection and on day 3, 4, and 5 post-injection. Wild type mice receiving gold labeled monocytes following a similar procedure were used as controls (WdT, n ¼ 9). Additionally, atherosclerotic mice receiving non labeled monocytes were also used as a control group (AtN, n ¼ 8). CT scans were analyzed using OsiriX software. For aorta measurements, 3 sequential ROI were measured in the ascending aorta and averaged for a final attenuation value. The location of the aorta was identified by comparing the CT images with scans from a separate mouse experiment using a CT blood pool contrast agent. Identical ROI were used for each day for each mouse. The image sets from different days were matched for each animal using the spine and ribcage as markers.
Ex-vivo and biodistribution
After the final scan, mice were euthanized and dissected for biodistribution. Tissue including the heart, lungs, spleen, kidney, and liver were fixed in 4% PFA after excision. For biodistribution, tissue was dissolved in 500 mL of HNO 3 for 18 h at 60 C. Afterwards, 300 mL of HCl was added and incubated at 60 C for an additional hour. The resulting solution was spun at 300 rcf for 10 min for remove cell debris. The samples were analyzed using ICP-OES for measurement of gold content.
Statistics
Statistical analysis was performed with guidance from the Center for Clinical Epidemiology and Biostatistics at the University of Pennsylvania. A linear mixed effect model was used to analyze intensities from in vivo scans. Each mouse was assumed to have a unique intercept and inputted into the model as a random effect to control for baseline differences between mice. Attenuation measurements were used as the dependent variable and each day as the independent variable in the model. Analysis was performed using Stata 13.1 (64-bit, College Station TX).
